In this research, the water transport through nanoporous membranes was predicted by developing a two-dimensional model. A simulation for sweeping gas membrane distillation (SGMD) process was carried out using computational fluid dynamics. The developed model consists of a nanoporous flat-sheet membrane and saline water as a feed on one side. A stream of air is blown as a vapor collector on the other side aiming at investigation of the factors affecting the air humidification process. The model uses the basic equations of momentum, heat, and mass balance. First, pure water was used as a permeate fluid and the simulation results was verified by comparing it with the data reported in literature showing good agreement. Second, the stream of air replaced the side of pure water. Diffusion of water through the membrane pores was simulated by combination of Knudsen flow, and molecular diffusion. The simulation results stated that the operation conditions such as fluids temperatures and velocity beside the membrane characteristics affect both the amount of water transported through the membrane pores and the moisture-enthalpy ratio.
INTRODUCTION
Since about two decades, membrane processes showed great potential to replace conventional energetically intensive techniques of water purification such as distillation and evaporation, to accomplish the selective and efficient transport of specific components [1] .
In the field of desalination, membrane-based reverse osmosis (RO), thermal-based multi-stage flash (MSF), and multi-effect distillation (MED) constitute over 90% of the global desalination capacity. RO plants, with typical capacities of ∼20000 m 3 d -1 , account for ∼41% of the total desalination capacity while MSF plants, with typical capacities of ∼76 000 m 3 d -1 , account for ∼44% [2] .
Recently, membrane technology is highlighted in water desalination by distillation being investigated as energy saving alternative. The membranes used in membrane distillation (MD) must be porous and hydrophobic. Mostly, the vapor pressure characteristics of water controls pressure gradient across the membrane [3] .
As the interface between the air and water is presented through a media, the concept of "effective area" is the direct air-water contact area. In the case of porous membrane at the interface, the effective area can be considered as the total of the inside area of the pores. One can imagine what an enormous area is generated here if it is stated that the density of the pores is in order of 10 8 /cm 2 . Naturally, this density is inversely proportional to the pore size.
Transport of water between two phases in MD can be accomplished by different methods due to the technique creating low pressure at permeate side. Various MD processes including direct-contact membrane distillation (DCMD), air-gap membrane distillation (AGMD), vacuum membrane distillation (VMD), and sweeping gas membrane distillation (SGMD) are considered [4] .
Among various types of MD, the SGMD is the rarely studied MD configuration. Only 4.5% of the MD papers published up to December 2010 in refereed journals deal with SGMD technology [5] , where inert gas is used to sweep the vapor at the permeate membrane side to condense outside the membrane module. There is a gas barrier, like in AGMD, to reduce the heat loss, but this is not stationary, which enhances the mass transfer coefficient [4] . However, SGMD configuration has a great perspective for the future because it combines a relatively low conductive heat loss through the membrane with a reduced mass transfer resistance [5] .
SGMD involves: (a) the evaporation of water at the hot feed side; (b) transport of water vapor through dry pores of hydrophobic membranes due to transmembrane vapor pressure, which is the driving force; (c) collection of the permeating water vapor by an inert cold sweeping gas; and (d) condensation out of the membrane module. The membrane acts only as a support for a vapor-liquid interface and does not contribute to the separation mechanism [6] .
Modeling and simulation of SGMD could be useful for understanding transport mechanism. However, modeling of transport phenomena in SGMD is difficult and complicated because both mass and heat transfer must be taken into account [7] . MP Proceedings of the 17 th Int. AMME Conference, 19-21 April, 2016 Recently, computational fluid dynamics (CFD) simulation of membrane processes has been studied [8] [9] [10] [11] showing that CFD is a powerful tool for simulation of membrane contactors.
The aim of the current study is to predict the effect of air and water temperatures, air velocity, and membrane characteristics on both the molecular flux through the membrane and the moisture-enthalpy ratio. A 2-D configuration of SGMD in a flatsheet module is used. The basic equations including momentum, heat, and mass transfer are solved using CFD techniques.
MODELING
In the beginning, a mathematical model which accounts all transport phenomena in the process is considered to reproduce a DCMD model already published in literature [7, 12] . In this model, the transport equations include energy convection and conduction for the feed and the permeate channel, conduction for the membrane layer, momentum transport for the feed and the permeate channels, and mass transport for the membrane pores. A combination of Knudsen/Poiseuille flow was used.
As it is illustrated in Fig.1 , the feed solution which is a hot saline water is passed through one side of membrane contactor, and the cold water is flown counter-currently in the permeate side. The water is evaporated at the feed-membrane interface and then is transported through the pores of membrane. Temperature difference between two phases is the driving force for transport of water. The modified model for the present study is shown in Fig. 2 . Now the momentum transport is considered only for the air channel, which considered as a moist air domain while the water is stagnant. A combination of Knudsen flow and molecular diffusion is considered for the mass transport. The geometry and nominal conditions in the study are as follows: 
Governing Equations Momentum
For the air channel, the incompressible Navier-Stokes equations were used for momentum balance in terms of air pressure and velocity vector of in x-direction:
where ρa and µa are the density and dynamic viscosity of air, respectively.
Heat transfer
For seawater side, the temperature is considered constant all over the domain. 
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For air side, heat is transferred by convection and conduction mechanisms and the energy balance can be derived in terms of temperature and velocity vector of air in xdirection as:
where ρa, Cpa, and ka are the density (kg/m 3 ), specific heat capacity at constant pressure (J/(kg.K)), and thermal conductivity (W/(m.K)) of air, respectively.
For membrane layer, heat is transferred by conduction mechanism and derived in terms of the temperature inside the membrane:
where km is the thermal conductivity (W/(m.K)) of the membrane matrix.
where ε is the membrane porosity, kg and ks refer to the thermal conductivity of vapor within the membrane pore and the solid membrane, respectively.
The thermal conductivity of the gas phase in the pores of membrane can be written as [13] :
where Tm is the temperature inside the membrane [K] .
Mass transfer
Transport of water vapor through the membrane is modeled by solving concentration equation. Concentration equation is a simplified form of continuity equation, which only considers diffusional mass transfer, and may be expressed as:
where c denotes the concentration of water vapor (mol/m 3 ) and Dt denotes the total diffusion coefficient (m 2 /s).
For membranes with air filled pores having pore sizes smaller than 0.5 µm (which is our case), the molecule-pore wall collisions begin to occur as frequently as the molecule-molecule collisions [14] . M. Khayet et. al. [15] proved that the combined Knudsen-molecular diffusion is the most adequate for SGMD process. So, it will be considered as being responsible for the water transport through the membrane. The latter combined diffusion coefficient may be obtained from the equation [16] :
where DK eff represents effective Knudsen diffusion (m 2 /s) and Dwa eff represents effective molecular diffusion of water vapor into air through the porous membrane (m 2 /s) which may be written as [15, 16] :
where ε, ߬, dp, R, Mw denote porosity (-), tortuosity (-), mean pore diameter (m), gas constant (8.3144 J/(mol.K)), and molecular weight of water (0.018 kg/mol) respectively. It should be noted that the term (8RTm/πMw) 0.5 can be referred as mean molecular speed (m/s).
DK can be simplified further as Eq. (12) [12, 16] :
In Eq. (12), dp has the unit of cm, Mw has the unit of g/mol, temperature Tm has the unit of K, and DK has the units of cm 2 /s. (13) where Dwa represents molecular diffusion coefficient of water vapor into air (m 2 /s) which can be estimated in terms of temperature and pressure [4] :
where P is the total pressure (Pa), Dwa in (m 2 /s), and Tm in (K).
It is worth here noting that the key factor to define the mass transport mechanism is Knudsen number (Kn) which can be defined as the ratio of the mean free path of transported molecules to the membrane pore size. The mean free path value of water vapor at 60 ⁰C was estimated by Al-obidni et al. [17] to be 0.11 µm.
Heat and mass transfer coupling
As mentioned, the temperature difference gives rise to a water-vapor pressure difference and, consequently, to a transmembrane molecular flux (N). The MD molecular flux, N, can be written as a function of the transmembrane water-vapor pressure difference, ∆Pv [4, 6, 12] According to the Knudsen/molecular diffusion mechanism, the MD coefficient may be written as [6, 15] :
and
The water-vapor pressure at the water side of the membrane, Pv, mw, can be written with the Antoine equation [18] : 
where Pv, mw is the vapor pressure of pure water (Pa) and T is the temperature (K). However, when real solutions are used as feed, the water vapor pressure on the feed side is lowered due to the reduced water activity [14, 18] . The actual vapor pressure Pi can be recalculated using the activity aw:
The water activity can be estimated by the equation [18] : where m is the NaCl molality (mol NaCl per kilogram pure water).
where s is NaCl concentration (g/kg water), MNaCl is the molecular weight of NaCl (=58.44 g/mol).
On the other side, The water-vapor pressure at the air side of the membrane, Pv, ma, can be written as a function of the total pressure, P (Pa), and the humidity ratio, W:
The humidity ratio along the membrane module length may be related with the air mass flow rate, ṁa (kg/s), and with the humidity at the membrane module inlet, Win [6, 15] 
where the coefficients q1 and q2 are given by: 
Numerical Solution of Governing Equations
The model equations related to feed momentum, heat, and mass transfer with the boundary conditions were solved using COMSOL Multiphysics® version 5 software. The latter uses finite element method analysis and a mesh consisting of 32486 elements for numerical solution of the governing equations developed in this work. A system with the specifications of Intel® CoreTM i5-4210U CPU @ 1.70GHz 2.40 GHz and 6 GB RAM was used to solve the equations.
RESULTS AND DISCUSSION
With the model, parametric studies can be done. Simulations are performed to investigate the effects of various membrane parameters and operating conditions on system performance. The effect of water and air temperatures, air velocity, membrane porosity, pore size, and membrane thickness on the magnitude of molecular flux and ∆W/∆h was investigated. The latter ratio predicts the "moisture-enthalpy ratio". It may be estimated as the difference in humidity ratio (g of water vapor/ kg of dry air) between outlet and inlet air channel boundaries to the difference in enthalpy (kJ/kg) between the same boundaries.
Effect of Water and Air Temperatures on the Molecular Flux
Since the driving force in the membrane distillation process is the temperature difference between two contacting phases, the temperature effect in the SGMD is of great importance. Fig.3 shows the values of MD molecular flux as a function of the seawater temperature for different values of air inlet temperature. It can be seen that the flux increases with water temperature. This increase may be explained by the increase in the water vapor pressure difference, according to the exponential relation between water vapor pressure and temperature predicted by the Antoine equation. On the other hand, for a specified water temperature, a decrease in the molecular flux with sweeping air temperature can be observed. This trend is not unexpected if one considers that an increase in the sweeping air temperature means an increase in the cold temperature, and consequently, a decrease in the thermally induced vapor pressure gradient, which is the driving force for the MD process. Also, it can be noticed that the molecular flux is more affected by the change of water temperature than that of air temperature. For air temperature of 20 ⁰C, the increase of water temperature by 20 ⁰C (from 50 to 70 ⁰C) increases the flux by 200% while at water temperature of 60 ⁰C, the decrease of air temperature by 20 ⁰C (from 40 to 20 ⁰C) increases the flux by only 40%. In other words, at constant temperature difference between the hot and the cold fluid, the permeate flux increases when the temperature of the hot fluid rises. This result is in agreement with Abdullah Alkhudhiri et. al. [4] who stated that the permeate flux is more dependent of the hot fluid temperature.
Effect of Water and Air Temperatures on the Moisture-Enthalpy Ratio
The variation of ∆W/∆h with seawater temperature was investigated and plotted in Fig.  4 . There is an increase for ∆W/∆h with both water and air temperatures. So, according to the present simulation, a maximum magnitude was recorded with water and air temperatures of 70 and 40 ⁰C, respectively. The humidity ratio is sensitive to any change of temperature for both sides. 
Effect of Air Velocity on the Molecular Flux
As it is illustrated in Fig. 5 , the higher air inlet velocity the higher the molecular flux but with different sensitivities dependent on the water temperature. As the air velocity changes from 0.2 to 3 m/s, the molecular flux increases by about 17% regardless the water temperature. As the air velocity increases, the thickness of mass transfer boundary layer decreases, giving rise to flux increase. It is also observed that no significant change in flux for air velocities more than 1.4 m/s. 
Effect of Air Velocity on the Moisture-Enthalpy Ratio
In respect of ∆W/∆h, Fig. 6 shows no significant changes were recorded where the highest recorded variation was 7% at water temperature of 70 ⁰C. 
Effect of Membrane Porosity on the Molecular Flux
For membranes, porosity is one parameter that characterizes membrane performance. This character is reflected in Fig. 7 , which shows the effect of membrane porosity on the molecular flux. The flux increases linearly with the porosity increase. The higher porosity means greater volume of voids to the total volume of membrane and hence less membrane resistance. Membranes with high porosity are beneficial for performance improvement from the point of view of both mass and heat transfer. Presence of voids decreases heat transfer by conduction which considered as a heat loss in MD process.
Figure 7.
Effect of porosity on the molecular flux.
Effect of Pore Diameter on the Molecular Flux
Besides membrane porosity, mean pore diameter is another important parameter that dictates membrane performance. This is in accordance with our observations from Fig.  8 . By increasing the pore diameter from 100 to 450 nm, the molecular flux increases by about 79, 81, 83% at water temperatures 50, 60, and 70 ⁰C, respectively. Generally, larger pore diameters are better for moisture diffusion, as long as liquid solution does not penetrate into pores [19] .
For given experimental conditions [15] , the calculated DCMD flux considering Knudsen mechanism is higher than that considering the combined Knudsen/molecular diffusion mechanism. As a consequence, it is advisable to choose the appropriate pore size taking into account the value of the mean free path of the transported molecules from the feed solution and trying to drive the membrane to work under Knudsen type of flow [20] . 
Effect of Membrane Thickness on the Molecular Flux
From Figure 9 , the molecular flux declined rapidly when the membrane thickness was increased, as expected from the inverse proportional relationship between N and ߜ. For the three water temperatures studied, the flux dropped by about 77% when the membrane thickness increased from 0.4 to 2 mm. However, it is worthy here to point out the dual significant role of membrane thickness. To obtain a high MD permeability, the membrane should be as thin as possible. On the contrary, to achieve better heat efficiency, the membrane should be as thick as possible due to the fact that in MD heat loss by conduction takes place through the membrane matrix. 
CONCLUSIONS
A two-dimensional mathematical model is developed to predict the mass transport operation of water using a flat-sheet membrane contactor as sweeping gas membrane distillation (SGMD). CFD simulation was carried out to investigate the influence of water and air temperatures, air velocity, membrane porosity, pore size, and membrane thickness on the molecular flux of water through the membrane and the moistureenthalpy ratio. The basic equations of transport including momentum, heat, and mass were solved numerically by using COMSOL Multiphysics ® software which uses finite element method to perform the simulation. The model was firstly verified through comparing with theoretical data reported in literature. The simulation results revealed that the temperature of the liquid feed and the velocity of the sweeping gas were the most important effective parameters. The membrane characteristics; namely porosity, pore size, and thickness have an important role in the molecular diffusion process. MP Proceedings of the 17 th Int. AMME Conference, 19-21 April, 2016 APPENDIX A
Verification of the Developed Model
The used parameters was as follows: temperatures of 60 ⁰C and 20 ⁰C for feed and permeate fluids, respectively; flow rate of 7.5e-5 m3/s for both sides; channel thickness of 1 mm for both sides; membrane material of PTFE with length 40 cm, thickness 0.1 mm, porosity 0.83, and pore diameter 220 nm [13] . A combination of the Knudsen flow and Poiseuille flow was used in the model for estimation of diffusion inside the membrane pores. The model equations were solved using COMSOL Multiphysics® version 3.5. Previous results (at permeate-membrane interface) Present results (at permeate-membrane interface)
